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The complex formation between glycoproteins H (gH) and L (gL) of herpes simplex virus type 1 (HSV-1) was studied by
using five recombinant baculoviruses expressing open reading frames that contain deletions in the coding region of the
extracellular domain of gH. In addition, the gH-deletion mutants contained a C-terminal tag. Complex formation of gL and the
gH-deletion mutants was studied by immunoprecipitations with anti-tag monoclonal antibody (MAb) A16 and with the
gH-specific MAbs 37S, 46S, and 52S. All gH-deletion mutants were complexed to gL when analyzed by MAb A16. MAb 37S
precipitated complexes between gL and the two gH-deletion mutants that contain the epitope of this MAb. When the gH
conformation-dependent MAbs 46S and 52S were used, gL was coprecipitated together with the gH-deletion mutant lacking
amino acids 31–299, but gL was not coprecipitated with the gH-deletion mutant lacking amino acids 31–473. The data from
the precipitation studies do allow at least two interpretations. There is either one site for gL binding on gH (residue 300–473)
or gL contacts multiple regions of gH. We were unable to demonstrate gL-dependent cell surface expression of either of the
gH-deletion mutants. This suggests that the coassociation of gH with gL is necessary but not sufficient for transport of gH
to the cell surface. © 1999 Academic Press
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tINTRODUCTION
Virions of herpes simplex virus type 1 (HSV-1) are able
o enter cells either by fusion of the virion envelope with
he plasma membrane or by cell-associated spread that
nvolves fusion of plasma membranes of infected cells
ith plasma membranes of uninfected cells (Spear,
993). The glycoproteins gB, gD, and gH/gL of HSV are
ssential for both pathways of entry (Cai et al., 1988;
igas and Johnson, 1988; Roop et al., 1993; Forrester et
l., 1992; Turner et al., 1998). The gH/gL complex has an
ssential role in the fusion of the involved membranes
nd not in the attachment of the virion to the cell (Desai
t al., 1988; Fuller et al., 1989; Fuller and Lee, 1992;
utchinson et al., 1992; Roop et al., 1993). The cell-to-cell
pread and the virion infectivity may require different
omains on the gH/gL complex. It has been reported that
pecific amino acids in the cytoplasmic domain are re-
uired for efficient gH-mediated membrane fusion (Wil-
on et al., 1994; Browne et al., 1996). Antibodies to gL
nhibit only the virion-induced cell fusion, not the virion
nfectivity (Novotny et al., 1996). Antibodies to gH neu-
ralize virus infectivity and inhibit the cell-to-cell spread
f HSV (Gompels et al., 1991).
In addition, gH and gL are involved in the immune
1 To whom reprint requests should be addressed at Hanzeplein 1,
713 GZ Groningen. Fax: 131-503633528. E-mail: S.Welling-cester@med.rug.nl.
042-6822/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
96esponse during HSV infections. Mice immunized with
he gH/gL complex produced neutralizing antibodies
gainst HSV, showed reduced primary infections, and
xhibited no secondary lesions upon challenge with HSV
Peng et al., 1998b). In addition, gH-specific T cell clones
ave been isolated from patients with herpes simplex
irus-mediated acute retinal necrosis (G.M. Verjans, per-
onal communication).
The formation of a hetero-oligomer between gH and
L of HSV-1 is essential for the processing, folding, and
ell surface expression of gH (Roop et al., 1993; Hutchin-
on et al., 1992). In members of all three subfamilies of
erpesviruses, complexes are formed between gH and
n additional viral glycoprotein (Kaye et al., 1992; Spaete
t al., 1993; Yaswen et al., 1993; Liu et al., 1993). Despite
his reoccurring theme, there are differences between
H/gL complex formation among the viruses. The asso-
iation between gH and gL is mediated by a noncovalent
nteraction among HSV-1, varicella-zoster virus (VZV), and
pstein–Barr virus (EBV) (Hutchinson et al., 1992; Duus et
l., 1995; Li et al., 1995). However, gH of human herpes-
irus 6 (HHV-6) and of human cytomegalovirus (HCMV) is
ovalently linked to gL (Kaye et al., 1992; Anderson et al.,
996). An additional difference is that gL of VZV does not
ontain a signal sequence that directs its synthesis to
he biosynthetic pathway but contains an endoplasmic
eticulum-targeting sequence (Duus and Grose, 1996). A
hird protein was found to be associated to the gH/gL
omplex of HCMV and of EBV (Li et al., 1995; Huber and
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97HSV gH DOMAINS INVOLVED IN gL BINDINGompton, 1997). The third partner of the EBV gH/gL
omplex, gp42, binds to HLA class II (Spriggs et al.,
996). This presence of gp42 in the gH/gL complex is
ecessary for EBV infection of B-lymphocytes but not for
nfection of epithelial cells (Li et al., 1995, 1997b).
HSV-1 gH has the sequence of a typical type 1 mem-
rane protein. It has a predicted signal sequence of 18
mino acids, a large extracellular region, residues 19–
04, a C-terminal transmembrane region, and a 14-
mino-acid cytoplasmic tail, residues 824–838. The sig-
al sequence directs the synthesis of gH to the biosyn-
hetic pathway and the transmembrane region of gH
nchors the gH/gL complex to the cell membrane (Dubin
nd Jiang, 1995). The C-terminal part of the extracellular
egion is conserved between gH of HSV-1 and HSV-2. It
robably contains, together with the cytoplasmic tail,
ssential residues for the fusion function of gH (Browne
t al., 1996; Galdiero et al., 1997). The extracellular do-
ain probably contains domains involved in binding of
L because gH, which lacks the transmembrane region
nd the cytoplasmic tail, is still able to bind to gL and is
ransported to the cell surface in a gL-dependent manner
Dubin and Jiang, 1995; Westra et al., 1997).
Studies have been undertaken to define the func-
ional domains in the extracellular region. Galdiero et
l. (1997) generated linker-insertion mutants of gH and
ested their ability to bind MAb LP11. This MAb recog-
izes gH only when it is structurally intact and com-
lexed to gL. Results indicated that insertions in the
-terminal half of the external domain induced
hanges in gH, which inhibited reactions with LP11 but
llowed surface expression of gH. In another ap-
roach, Peng et al. (1998a) studied gH/gL complex
ormation by using truncated forms of gH and gL. In
his study, it was shown that the first 323 amino acids
f gH were sufficient for secretion of the gH/gL com-
lex from CHO-K1 cells cotransfected with plasmids
or gL and the truncated gH forms.
In our study, we extended the studies described above
y using recombinant baculoviruses expressing mutants
f full-length gH that contain deletions in the extracellular
omain. Full-length gH and the gH-deletion mutants
ere tagged at the C-terminus with the epitope of MAb
16. The interaction between gL and these gH-deletion
utants was analyzed by immunoprecipitation studies
sing MAbs directed against the tag and directed
gainst linear and conformation-dependent epitopes of
H. Despite the complex formation that was observed
etween gL and gH-deletion mutants in the immunopre-
ipitation studies, no cell surface expression of the com-
lexes could be demonstrated. In addition, we analyzed
hether the domains of gH that are involved in gL bind-
ng are conserved among alphaherpesviruses. There-
ore, gLs from different alphaherpesviruses were studied
or their ability to transport gH of HSV to the surfaces of
nsect cells. fRESULTS
xpression of epitope-tagged gH (gH-A16)
To allow detection of gH deletion mutants, gH and
utant gH were tagged with an 11-amino-acid peptide at
he C-terminus of the cytoplasmic tail (Fig. 1A). This tag
s a linear epitope of gD of HSV-1, which is the original
arget of MAb A16 (Scheffer et al., 1984). A recombinant
aculovirus that contains the open reading frame of gH
ith the A16 tag under control of the polyhedrin promoter
as obtained and designated BacgH-A16. Next we ana-
yzed whether the introduction of the A16-tag to gH (des-
gnated as gH-A16) had any effect on the interaction of
H and gL. Insect cells were infected with recombinant
aculoviruses expressing either gH-A16-tagged or un-
agged gH and coinfected with recombinant baculovirus
xpressing gL (BacgL). To analyze the folding, the in-
FIG. 1. (A) Schematic representation of gH and gH-A16. The construct
H-A16 contains a linear epitope tagged to the C-terminus, the cyto-
lasmic tail, of gH. The tag (A16) is recognized by MAb A16, a MAb
irected against a group VII epitope of gD. The signal sequence, the
xtracellular domain, the transmembrane region (TMR), the cytoplas-
ic tail (CT), and the A16 tag (A16) are indicated. (B) Immunoprecipi-
ations of gH and gH-A16 by MAbs 52S and LP11. Insect cells were
nfected with recombinant baculoviruses that express gH and gH-A16
r were coinfected with recombinant baculovirus BacgL (gH 1 gL,
H-A16 1 gL). The cells were lysed 48 h after infections. The lysates
ere immunoprecipitated with conformation-dependent MAbs 52S and
P11, separated by SDS–PAGE, and immunoblotted with polyclonal
ntibody anti-gH1. The membrane was subsequently incubated with
eroxidase-conjugated goat anti-rabbit, and antibody binding was vi-
ualized by a luminogenic reaction (ECL-Western light; Amersham). The
olecular mass markers are indicated at the left.ected and coinfected cells were lysed 48 h after infec-
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98 WESTRA ET AL.ion and the lysates were immunoprecipitated with the
H-specific, conformation-dependent MAbs 52S (Rob-
rts et al., 1991) and LP11 (Gompels and Minson, 1989).
he immunoprecipitated proteins were separated on
DS–polyacrylamide gels and immunoblotted with anti-
H1, a polyclonal serum raised against the purified
H/gL complex. MAb 52S precipitated recombinant gH
nd gH-A16 in the presence and absence of gL. MAb LP
1 precipitated recombinant gH and gH-A16 only in the
resence of gL (Fig. 1B). This is in agreement with the
pitope specificity of these MAbs (Showalter et al., 1981;
ompels and Minson, 1989). The cell surface expression
f gH-A16 was analyzed by FACS. Infected and coin-
ected insect cells were assayed after 46 h of infection
FIG. 2. Schematic representation of the gH-deletion mutants and o
eletions in the extracellular domain of gH-A16. The elevated lines indi
t the right. (B) The fusion protein gH/gD contains the extracellular regi
f gH. In addition, gD fusion proteins were made similar to the gH-dele
f gH in mutants 100–104 were also present in mutants 100gD, 10
ransmembrane regions (TMR), and the A16 tags/epitopes (A16) are inor cell surface expression of gH. The epitope-tagged gH tas demonstrated by MAbs 52S on the surface of insect
ells, which coproduced gH-A16 and gL (see FACS anal-
ses in Fig. 6B). In conclusion, the gL-dependent folding
nd cell surface expression were not changed by the
ntroduction of the A16 epitope at the C-terminus of gH.
xpression of deletion mutants of gH-A16
To examine the regions of gH involved in interaction
ith gL, five open reading frames that contain deletions
n the extracellular domain of gH-A16 were constructed
Fig. 2A). Recombinant baculoviruses that contain these
pen reading frames under control of the polyhedrin
romoter were generated by using the Bac-to-Bac sys-
H/gD fusion proteins. (A) The gH-deletion mutants 100–104 contain
e deletions, and the deleted amino acids are indicated in parentheses
transmembrane region of gD downstream of the extracellular domain
tants depicted in A. The deletions present in the extracellular domain
02gD, 103gD, and 104gD. The restriction sites NcoI and NheI, the
.f the g
cate th
on and
tion mu
1gD, 1em and were designated by the numbers 100–104 (Fig.
2
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99HSV gH DOMAINS INVOLVED IN gL BINDINGA). Insect cells were infected with the recombinant
aculovirus BacgH-A16 and with the recombinant bacu-
oviruses 100–104. Cells were lysed after 48 h of infec-
ion. Lysates of the infected cells were separated by
DS–PAGE and analyzed by immunoblotting (Figs. 3A–
C). The expression of the gH-deletion mutants was first
emonstrated with antibodies that recognized linear
pitopes: MAb A16 (Fig. 3A), polyclonal serum anti-gH
Fig. 3B), and MAb 37S (Fig. 3C). All of the gH-deletion
utants could be detected by MAb A16 in the soluble
raction of the cell lysates by immunoblotting (Fig. 3A).
he gH-deletion mutants have molecular weights that
pproximately correspond to the calculated molecular
FIG. 3. Expression of the gH-deletion mutants 100–104, analyzed
ith gH-specific antibodies. Insect cells were infected with recombi-
ant baculoviruses that expressed gH, gH-A16, and the deletion mu-
ants (A–C, E, and F) or were coinfected in combination with recombi-
ant baculovirus BacgL (D). The cells were lysed 48 h after infection.
he lysates were either directly separated by SDS–PAGE and immu-
oblotted with MAb A16 (A), polyclonal anti-gH serum (B), and MAb 37S
C), or lysates were used in immunoprecipitations with the conforma-
ion-dependent MAb LP11 (D), MAb 46S (E), and MAb 52S (F). Precip-
tates were separated by SDS–PAGE and immunoblotted with MAb A16
o detect tagged gH and the deletion mutants of gH. The membranes
ere subsequently incubated with peroxidase-conjugated goat anti-
abbit (B) or goat anti-mouse (A, C–F). Antibody binding was visualized
y a luminogenic reaction (ECL-Western light; Amersham). The molec-
lar mass markers are indicated at the left of the blot.eight. The lysates of cells that were infected with re- Tombinant baculoviruses 103 and 104 contain prominent
ultiple polypeptide bands. These bands may represent
ither differentially glycosylated recombinant gH-A16
utant proteins or degradation products. The polyclonal
nti-gH serum (Fig. 3B) predominantly recognized the
eletion mutants 100 and 101, which have the N-terminal
00 amino acids in common. Because MAb 37S (Roberts
t al., 1991) has a linear epitope in the N-terminal 300
mino acids of gH, the same deletion mutants (numbers
00 and 101) were recognized (Fig. 3C).
In addition, immunoprecipitation studies (Figs. 3D–3F)
ere performed with the cell lysates of the infected cells.
ysates were treated with conformation-dependent
Abs LP11 (Fig. 3D), MAb 46S (Fig. 3E), and MAb 52S
Fig. 3F). The precipitated proteins were separated by
DS–PAGE and immunoblotted with MAb A16. Only gH-
16 (Fig. 3D) in combination with gL was precipitated by
Ab LP11 and none of the gH-deletion mutants, ex-
ressed either with or without gL. The conformation-
ependent MAbs 46S and 52S precipitated the gH-dele-
ion mutants produced by recombinants 102 and 103
Figs. 3E and 3F). The additional bands present in all
anes of the immunoblots in which the immunoprecipi-
ates were analyzed (Figs. 3D–3F) are most likely due to
he immunoglobulin light and heavy chains.
nteraction between gL and gH-deletion mutants
To study which of the deletion mutants of gH-A16 were
ble to bind to gL, immunoprecipitation experiments
ere performed using MAbs against the tag (MAb A16)
nd against conformation-dependent (MAbs 52S and
6S) and conformation-independent epitopes (MAb 37S)
f gH.
Initially, the complex formation between gH-deletion
utants and gL was studied by immunoprecipitation
xperiments performed with MAb A16, which recognized
ll of the A16-tagged deletion mutants. Insect cells were
nfected with the recombinant baculovirus BacgH-A16
nd recombinant baculoviruses 100–104 and were coin-
ected with BacgL. The cells were lysed 48 h after infec-
ion. The lysates were immunoprecipitated with MAb
16, and the immunoprecipitated proteins were sepa-
ated by SDS–PAGE and immunoblotted to detect gL with
ntiserum W192S5, a polyclonal serum directed against
peptide (residues 213–224) of gL1. These experiments
howed that gL coprecipitated together with all of the
H-deletion mutants (Fig. 4). No gL was precipitated from
nsect cells that expressed gL alone. In addition, the
omplex formation was studied by immunoprecipitation
xperiments with gH-specific MAb 37S. This MAb rec-
gnizes a linear epitope in the N-terminal 300 amino
cids of gH (Roberts et al., 1991b). The results indicated
hat gL coprecipitated together with the gH-deletion mu-
ants expressed by recombinants 100 and 101 (Fig. 5C).
hese recombinants lacked residues 301–789 and 474–
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100 WESTRA ET AL.89 of gH, respectively. No reaction of MAb 37S and the
utant gH of recombinants 102–104 was observed be-
ause the epitope of MAb 37S is not present in these
eletion mutants (see also Fig. 3C). The results of the
recipitation studies with MAb A16 suggest that the
omains of gH for interaction with gL are, despite the
eletions, still present on gH. All five mutants have only
wo regions in common: residues of amino acids 789–
38 plus the A16 tag and the N-terminal 30 amino acids
Fig. 2A). In a previous study, we demonstrated that
runcated gH, lacking amino acid residues 789–838, was
ble to bind gL (Westra et al., 1997).
Because MAbs A16 and 37S are directed against con-
ormation-independent epitopes and will precipitate cor-
ectly and incorrectly folded gH, we decided to extend
he immunoprecipitation studies with conformation-de-
endent MAbs 52S and 46S directed against gH. Thus
recipitations with MAbs 46S and 52S may limit the
etection essentially to conformationally intact gH. The
pitopes of both antibodies are present on gH-deletion
utants expressed by recombinants 102 and 103 (Figs.
E and 3F). The results obtained when MAbs 46S and
2S were used for the precipitation studies proved sur-
rising. The gH-deletion mutant 102, lacking residues
1–299, was able to coprecipitate gL, whereas mutant
FIG. 4. Analyses of the formation of hetero-oligomerization between
L and the gH-deletion mutants by immunoprecipitation with the anti-
ag MAb A16. Insect cells were infected with the recombinant baculo-
iruses BacgH, BacgH-A16, and 100–104 or coinfected in combination
ith BacgL. The cells were lysed after 48 h of infection. The lysates
ere inmmunoprecipitated by MAb A16. The immunoprecipitates were
eparated by SDS–PAGE and immunoblotted with the anti-gL serum
192S5. The membranes were incubated with peroxide-conjugated
oat anti-rabbit. Antibody binding was visualized by a luminogenic
eaction (ECL-Western light; Amersham). The molecular mass markers
re indicated at the right.03, lacking residues 31–473, was unable to do so (Figs. rA and 5B). The lack of coprecipitation of gL with mutant
03 was not due to a failure of precipitating the mutant
H. Mutant 103 could be detected in the precipitates by
mmunoblotting with anti-tag MAb A16 (data not shown).
he difference between mutants 102 and 103 suggests
hat the region of amino acids 300–473 of gH might be
nvolved in the interaction with gL.
ell surface expression of the gH-deletion mutants
Binding of gL to gH and the gL-dependent cell surface
rafficking of gH represent two different protein functions.
oth functions may require different domains of gH.
owever, binding of gL to gH may be one of the prereq-
isites for the transport of gH to the cell membrane.
herefore, gL-dependent trafficking to the surfaces of
nsect cells of gH-mutants probably gives information
bout the gL interaction site on gH.
The display of the gH-deletion mutants on the cell
urfaces of insect cells in the presence and absence of
L was assayed by FACS analyses. The cell surface
xpression of the gH-deletion mutant that lacks the re-
ions of amino acids 31–299 and 474–789 was not in-
estigated due to the lack of an appropriate MAb. The
esults from these experiments showed that none of the
H-deletion mutants could be detected on the surfaces
f insect cells when analyzed with MAb 52S and poly-
FIG. 5. Analyses of the binding of gL to the gH-deletion mutants by
mmunoprecipitation with gH-specific MAbs 37S, 46S, and 52S. Insect
ells were infected with the recombinant baculoviruses BacgH, BacgH-
16, and 100–104 or coinfected in combination with BacgL. The cells
ere lysed 48 h after infection. The lysates were immunoprecipitated
ith MAbs 46S (A), 52S (B), and 37S (C). The immunoprecipitates were
eparated by SDS–PAGE and blotted onto membranes. The mem-
ranes were incubated with an anti-gL serum W192S5, washed, and
ubsequently incubated with peroxidase-conjugated goat anti-rabbit.
ntibody binding was visualized by a luminogenic reaction (ECL-West-
rn light; Amersham). The molecular mass markers are indicated at theight.
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101HSV gH DOMAINS INVOLVED IN gL BINDINGlonal antibody anti-gH1 in either the presence or ab-
ence of gL (Figs. 6C–6F). Full-length gH-A16 could be
etected on the cell surfaces with these antibodies in a
L-dependent manner (Figs. 6A and 6B).
HSV gD is known to be efficiently transported to the
ell surface in insect cells (Westra et al., 1997). It has
een shown for PRV that a fusion gH/gD protein, se-
ected by repeating passage of a gL-lacking mutant, was
ble to mediate the functions of the gH/gL complex
Klupp et al., 1999). We decided to try to facilitate cell
urface transport by constructing fusion proteins consist-
ng of the gH-deletion mutants and gD. Open reading
rames were constructed in which the coding region of
he C-terminal part (residues 789–838 plus A16 tag) of
he gH-deletion mutants was replaced by the coding
egion of amino acids 1–36g of mature gD. Recombinant
aculoviruses, designated gH/gD, 100gD, 101gD, 102gD,
03gD, and 104gD (Fig. 2B), were obtained that con-
ained these open reading frames controlled by the poly-
edrin promoter. Insect cells infected with these recom-
inant baculoviruses or coinfected with the recombinant
irus BacgL were assayed for cell surface expression of
H by FACS analyses with the use of antibodies A16,
2S, and anti-gH1. The results showed that the gH-dele-
ion mutants fused to gD could not be detected on the
ell surfaces of insect cells in either the presence or
bsence of gL (data not shown). Only the fusion protein
H/gD, which contained the complete extracellular do-
ain of gH fused to gD, was observed on the cell surface
FIG. 6. Flow cytometric analyses of the cell surface expression of
aculoviruses BacgH-A16 (A and B) and recombinants 100 (C), 101 (D),
ere incubated with polyclonal antibody anti-gH1 (A, C, and D) or with M
econdary antibodies for 1 h. After incubation with propidium iodide fo
umber of viable cells, which have a low propidium iodide fluorescenc
axis of the histogram. Infected cells are indicated by straight lines, an a gL-dependent manner. well surface expression of gH of HSV-1 in the
resence of the gL homologs of EHV-1,
RV, and VZV
Although the amino acid sequences of gL of the dif-
erent alphaherpesviruses are not well conserved, the
ormation of the gH/gL complex and its trafficking to the
ell surface of the complex constitute a requirement for
iral infectivity in herpesviruses. We decided to analyze
hether functional replacement of gL among different
lphaherpesviruses was possible. Recombinant baculo-
iruses expressing HSV-gL, VZV-gL, PRV-gL, and EHV-gL
ere used to infect insect cells. The cells were coin-
ected with gH of HSV-1. The display of gH of HSV on the
urfaces of the coinfected cells was analyzed by FACS
nalyses with the use of MAb 52S. HSV gH could be
etected at the cell surface only when cells were coin-
ected with recombinant baculovirus expressing gL of
SV-1. The gL homologs of VZV, PRV, and EHV were not
ble to transport gH of HSV-1 to the cell surfaces (data
ot shown).
DISCUSSION
The molecular mechanism of the gL-dependent cell
urface expression of gH is not yet understood. To gain
urther insight into this process, we studied the location
f the gL-binding site on gH. Previous studies have
hown that truncated gH that lacks its transmembrane
egion and cytoplasmic tail was able to bind to gL and
-deletion mutants. Insect cells were infected with the recombinant
, and 103 (F) or coinfected in combination with BacgL (A–F). The cells
(B, E, and F) for 1 h and subsequently incubated with FITC-conjugated
n, the insect cells were analyzed with a FACSTAR flow cytometer. The
otted along the y axis, and the FITC fluorescence is plotted along the
nfected cells are indicated by dotted lines.the gH
102 (E)
Ab 52S
r 10 mi
e, is plas transported to the cell surface in a gL-dependent
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102 WESTRA ET AL.anner (Dubin and Jiang, 1995; Westra et al., 1997). From
his, we concluded that the gL-binding site is located
etween residues 1–789 of gH or, more likely, on the
xtracellular domain of gH. To study this, we constructed
panel of gH open reading frames with deletions in the
oding region of the extracellular domain of gH. These
pen reading frames were expressed in insect cells by
sing the baculovirus expression system. Previously, we
ave demonstrated that the protein production and trans-
ort systems of insect cells are capable of producing
orrectly folded and transported gH (Westra et al., 1997).
By using gH-deletion mutants, we were able to roughly
ocate the epitopes of the gH specific antibodies. The
abbit polyclonal antibody anti-gH1 raised against immu-
opurified gH/gL complex recognizes linear epitopes
hat are predominantly located on the N-terminal 300
mino acids of gH. MAb 37S recognizes a linear epitope
hat is located in the same region of gH. The epitopes of
he conformation-dependent MAbs 46S and 52S are
resent in the gH region consisting of residues 474–790.
hese findings are in agreement with the observation
hat MAb 52S-resistant viruses contain mutations in the
H sequence at positions 536 and 537 (Gompels et al.,
991). Another pertinent antibody is MAb LP11, which
ecognizes only gH in combination with gL. The reaction
f LP11 with the gH/gL complex was easily disrupted by
hanges in the sequence of gH. This LP11 epitope was
ot present on either of the deletion mutants that were
oexpressed with gL. This is in agreement with previous
tudies (Peng et al., 1998a; Gompels et al., 1991a;
aldiero et al., 1997). For example, Galdiero et al. (1997)
howed that a gH mutant lacking the region of amino
cids 671–838 failed to react with LP11, indicating that
his portion of the C-terminus is essential for the LP11
pitope. In addition, mutations in the N-terminal part at
mino acid positions 86, 168, 201, 300, 313, 316, 317, 325,
26, and 329 impaired the recognition of MAb LP11
Gompels et al., 1991; Galdiero et al., 1997). Studies in
hich truncated forms of gH were used showed that
Ab LP11 reacted with the complex of gL and a trun-
ated form of gH consisting of residues 1–648 (Peng et
l., 1998a). However, complexes of shorter truncated
orms of gH and gL did not react with MAb LP11.
The binding of gH and gL was studied by using dele-
ion mutants of gH. Five gH-deletion mutants were con-
tructed lacking residues 301–789 (mutant 100), 474–789
mutant 101), 31–299 (mutant 102), 31–473 (mutant 103),
nd 31–299 plus 474–789 (mutant 104), respectively. The
ontribution of the disulfide bonds is often important for
he structure of proteins. For gH, it has been hypothe-
ized that paired cysteines of residues 90 and 258, 404
nd 429, 554 and 589, and 652 and 706 form disulfide
onds C1, C2, C3, and probably C4 (Peng et al., 1998a).
ccording to this assertion, our recombinant deletion
utants 100, 101, 102, and 103 would contain disulfideonds C1, C1 plus C2, C2 plus C3 plus C4, and C3 plus s4, respectively, with no unpaired cysteines. Most likely,
he presence of these disulfide bonds largely maintained
he native structure of the gH-deletion mutants, despite
he large deletions.
The analysis of the binding of gL to the gH-deletion
utants was performed by immunoprecipitations fol-
owed by immunoblotting for the detection of gL. The
esults were as follows: 1) when precipitations were
erformed with the anti-tag MAb, all gH-deletion mutants
oprecipitated gL. 2) With MAb 37S (directed against the
-terminal regions of gH), gH mutants 100 and 101, lack-
ng residues 301–789 and 474–789, respectively copre-
ipitate gL. 3) When MAbs 46S and 52S are used, gH
utant 102 (lacking residues 31–299) coprecipitates gL,
ut mutant 103 (lacking residues 31–473) does not.
At least two explanations can be given for the immu-
oprecipitation data. One explanation could be that only
he experiments in which conformation-dependent anti-
odies were used give information on the gL-binding
egions on gH. All gH-deletion mutants were complexed
o gL when analyzed with MAb 37S and anti-tag MAb
16. These MAbs A16 and 37S see linear epitopes on gH
nd do not discriminate between correctly and incor-
ectly folded gH. Therefore, the coprecipitation of gL
hen using these antibodies may be caused by a non-
pecific interaction between gL and denatured forms of
H. Correctly folded gH-deletion mutant proteins are
ecognized only by the conformation-dependent MAbs
6S and 52S. If this assumption is correct, it should be
oncluded that only the region of amino acids 300–473 of
H is involved in gL binding. However, the possibility that
he region delimited by amino acids 300–473 is bound in
nonspecific way to gL despite the use of conformation-
ependent MAbs 46S and 52S cannot be excluded.
Another explanation for the immunoprecipitation data
s that gL contacts multiple regions or domains of gH.
herefore, deletion of one region or domain of gH may
ot be sufficient to abrogate the interaction of gH and gL.
t least three gL contact regions or domains might be
resent on gH when multiple gL-binding sites form the
xplanation for our immunoprecipitation data. One con-
act region is present within the N-terminal 300 amino
cids, the second contact region is present between
mino acids 300 and 473, and the third contact region
onsists of amino acids 475–789. This is consistent with
he finding that all gH-deletion mutants, which are rec-
gnized by MAbs A16 and 37S, were complexed to gL
hen analyzed with these antibodies. However, the re-
ult that MAbs 46S and 52S did not coprecipitate gL
ogether with gH-deletion mutant 103, lacking the region
onsisting of residues 31–473, is not consistent with this
xplanation. This could be explained if binding of MAbs
6S and 52S to gH interferes with that particular binding
oint of gL to gH.
Recently, Peng et al. (1998a) published the results of a
tudy in which truncated forms of gH were used to
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103HSV gH DOMAINS INVOLVED IN gL BINDINGetermine the minimal regions of both gH and gL re-
uired for gL/gH complex formation and secretion. In this
tudy, CHO-K1 cells were cotransfected with plasmids
ontaining series of truncated gH along with a plasmid
ontaining gL. The culture supernatants were analyzed
or the presence of the secreted gH-truncated/gL com-
lexes. That study demonstrated that the first 323 amino
cids of gH and the first 168 amino acids of gL were still
ble to form a stable secreted complex.
The findings of Peng et al. (1998a) are not in contrast
o our data and explanations. The conclusion that the
mino acids 300–474 of gH are involved in gL binding is
rawn from the immunoprecipitation data obtained with
onformation-dependent MAbs 46S and 52S. This region
ontains an overlap of 23 residues with the region pub-
ished by Peng et al. (1998a). The explanation that gL
ontacts multiple regions of gH may also be consistent
ith the study of Peng et al. (1998a). The gH-deletion
utant, which lacks amino acids 301–789, was com-
lexed to gL when analyzed with MAb 37S and anti-tag
Ab A16. This gH-deletion mutant shares the N-terminal
00 amino acids of gH with the region published by Peng
t al. (1998a). Therefore, this region may be one of the
L-contact regions of gH.
In another study, Anderson et al. (1996) showed that
he gL-binding site on gH of another herpesvirus, HHV-6,
s located on the first 230 amino acids of the N-terminus
f gH. The gH/gL binding of the betaherpesvirus HHV-6
s different from the gH/gL binding of the alphaherpes-
irus HSV-1. This disparity is best illustrated by the fact
hat disulfide bond formation contributes to the HHV-6
H/gL binding, and not to the HSV-1 gH/gL complex
ormation. The difference found between the gL-binding
ocations of HHV-6 and of HSV-1 could well be explained
y the differences in gH/gL binding for these herpesvi-
uses.
Additional evidence for the regions involved in inter-
ction of gL and gH could be obtained if one or more of
he gH-deletion mutants were to show gL-dependent cell
urface expression. In our study, however, we found that
one of the gH-deletion mutant proteins were displayed
n the cell surface, in either the presence or absence of
L. In addition, we investigated the possibility of facili-
ating the cell trafficking by fusing the gH-deletion mu-
ants to gD1. Nevertheless, only the complete extracel-
ular domain of gH fused to gD showed gL-dependent
ell surface expression. In another study, it was found
hat amino acids 1–427 of gH that were fused to gC were
ffectively transported to the cell surface of COS-1 cells
n a gL-dependent manner (J. Kuhn, personal communi-
ation). At the moment, we do not have a likely explana-
ion for the failure of the gL-dependent cell surface trans-
ort of the gH deletion mutants; however, the possibility
annot be excluded that different domains of gH are
equired for gL binding and for gL-dependent cell traf- Hicking. In addition, gL binding to multiple regions of gH
ay be a prerequisite for gL-dependent cell trafficking.
In a previous study, we reported that the intracellular
ransport of gH and gL of HSV-1 is comparable in insect
ells and mammalian cells. Furthermore, a heterodimer
onsisting of VZV gL and a truncated form of VZV gH was
ecreted into the medium when coproduced in insect
ells (L. Maresova, personal communication). In this
tudy, we showed that the gL molecules of the alphaher-
esviruses VZV, PRV, and EHV-1 were unable to transport
H of HSV1 to the cell surface of insect cells. Despite the
onservation of the mechanism of gH/gL complex forma-
ion and gL-dependent gH cell surface expression
cross herpesviruses, the gH/gL binding of the alpha-
erpesviruses investigated probably evolved in such a
ay that gL homologs from other alphaherpesviruses
annot substitute the HSV-gL function. Therefore, the gL
inding might be localized on a domain that is not con-
erved between the alphaherpesviruses. In a previous
tudy, it was shown that the gL molecules of VZV and
BV were functionally interchangeable (Li et al., 1997a).
dditional studies are necessary to further elucidate the
etails of the gL/gH complex formation. Ultimately, the
hree-dimensional structure of the gH/gL complex will
eveal the residues involved in the gH/gL interaction.
MATERIALS AND METHODS
ells and viruses
The Spodoptera frugiperda cell line Sf21 was grown in
press medium (BioWhittaker, Walkersville, MD) supple-
ented with 5% FCS and gentamicin (10 mg/ml). Recom-
inant baculovirus BacgL1 contains the gL1 gene of
SV-1 strain McIntyre under control of the polyhedrin
romoter (Westra et al., 1997). A recombinant baculovirus
hat expressed gL from EHV-1 was kindly provided by A.
tokes (Stokes et al., 1996). A recombinant baculovirus
hat expressed gL of PRV was kindly provided by B.
lupp, and a recombinant baculovirus that expressed gL
f VZV was kindly provided by L. Maresova.
ntibodies
The gH-specific MAb 52S (Showalter et al., 1981) was
btained from the American Type Culture Collection
Rockville, MD). The gH-specific MAb LP11 was a gift of
. C. Minson (Buckmaster et al., 1984). Anti-gH1 (rabbit
3), a polyclonal rabbit antiserum specific for gH1 that
as raised against immunopurified gH/gL complex, was
gift of G. H. Cohen and R. J. Eisenberg (Roberts et al.,
991). The gH-specific MAbs 37S and 46S were also a
enerous gift of G. H. Cohen and R. J. Eisenberg. A
olyclonal rabbit antiserum, W192S5, was raised against
he synthetic gL-peptide KSRRRRPHSRRL (residues 213–
24 of gL), which was conjugated to ovalbumin. MAb A16
ecognizes an 11-amino-acid linear epitope of gD of
SV-1 (Schellekens et al., 1994; Scheffer et al., 1984).
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104 WESTRA ET AL.onstruction of the open reading frame of gH-A16
The A-16 tag (SLKMADPNRFR) is a linear epitope of
D that is recognized by MAb A16 (Schellekens et al.,
994). The coding sequence was introduced into the
pen reading frame of gH1 by PCR. The synthetic oligo-
ucleotides gH1 forward (Westra et al., 1997) and gHtag
59-TAAGCTTAGCGAAAGCGATTGGGGTCGGCCATCT-
GAGGGATCCTTCGCGTCTCCAAAAAAA-39) were used
o amplify a 2567-bp fragment. The oligonucleotide gH1
orward contains UL22 sequences and a BglII cleavage
ite, and gHtag contains UL22 sequences, the coding
equence of the A16 tag, and a HindIII cleavage site. The
mplified fragment was digested with BglII and HindIII
nd was cloned into the BamHI and HindIII sites of
FastbacI, generating pFgH-A16.
onstruction of the open reading frames of the
eletion mutants of gH
Fragments of gH were obtained by using PCR with the
ollowing synthetic oligonucleotides: gH300 reverse (59-
AACGC-TAGCAAGTCCCCGACCCGATCT-39), gH473 re-
erse (59-TAGAGCTAGCAAGCCCAGCG-CGTGTAAT-39),
H300 forward (59-GCATCCATGGGACCCCGCGGAC-
AA-39), gH474 forward (59-GCATCCATGGTATCAGCTG-
CCTTCG-39), gH1 reverse, and gH1 forward. Five frag-
ents were amplified with the following combinations of
rimers: gH1 forward and gH300 reverse, gH1 forward
nd gH473 reverse, gH300 forward and gH1 reverse,
H474 forward and gH1 reverse, and gH300 forward and
H473 reverse. The five amplified fragments were di-
ested with NcoI–NheI and cloned into NcoI–NheI-di-
ested pFgH-A16. The resulting plasmids were desig-
ated by the numbers 95–99, respectively.
onstruction of the gH/gD fusion protein open
eading frames
The extracellular part of gD1 was amplified from viral
NA of HSV-1 strain McIntyre by using PCR. The oligo-
ucleotides gD forward (59-AAGCTAGCCTTGGCGGAT-
CCTCT-39) and gD1 reverse were used. The amplified
ragment was digested with NheI and HindIII. This frag-
ent was cloned into pFgH-A16 and the pFastbacI
lones 95–99, which were digested with NheI and
indIII.
ecombinant baculoviruses
Recombinant baculoviruses were obtained by the pro-
edure described by the manufacturer of the Bac-to-Bac
ystem (Life Technologies) using the pFastbacI con-
tructs described above.
ACS analysis
FACS analyses were performed as described previ-
usly (Westra et al., 1997).mmunoprecipitation and immunoblotting
Monolayers of Sf-21 cells (1 3 106) were infected or
oinfected with recombinant baculoviruses at an multi-
licity of infection of 5. Medium was removed 46 h after
nfection, and the cells were washed twice with ice-cold
BS. The cells were lysed by incubation for 30 min on ice
ith lysis buffer (1% Nonidet P-40, 0.5% sodium deoxy-
holate, 100 mM NaCl, 50 mM Tris–HCl, pH 7.5, and 1
M phenylmethylsulfonyl fluoride). Lysates were centri-
uged at 10,000 g for 10 min, and the supernatant was
retreated with 1 mg of protein A–Sepharose CL-4B
eads (Pharmacia) for 1 h. Beads were removed by
entrifugation at 1000 g for 1 min, and antibodies were
dded to the supernatant. After 1.5 h of incubation, 1.5 mg
f protein A–Sepharose CL-4B was added, and incuba-
ion was continued for 1.5 h. The immune complexes
ere washed twice with RIP-A (1% Nonidet P-40, 0.5%
odium deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM
ris–HCl, pH 7.5), twice with RIP-B (1% Nonidet P-40, 0.5%
odium deoxycholate, 2 M NaCl, 50 mM Tris–HCl, pH
.5), and once with RIP-A. Precipitated proteins were
issolved by boiling for 3 min in sample buffer (150 mM
ris–HCl, pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercap-
oethanol, 0.02% bromophenol blue), separated on either
0% or 15% SDS–polyacrylamide gels, and blotted onto
VDF membranes. The membranes were preincubated
ith PBS containing 4% Protivar (Nutricia) and 0.1%
ween 20 (PBS-PT). Incubations with antiserum W192S5
diluted 1:4000), MAb A16 (diluted 1:3000), and polyclonal
ntibody anti-gH (diluted 1:4000) were carried out in
BS-PT. After incubation with peroxidase-conjugated
oat anti-rabbit or goat anti-mouse immunoglobulins (di-
uted 1:5000; DAKO), antibody binding was visualized by
sing a luminogenic reaction (ECL-Western light; Amer-
ham) and exposure to Amersham ECL films.
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